The objective of this work is to develop a non-traditional strategy for providing control of ship roll motion in a seaway using active fins. This is based on a multidisciplinary approach. 
Introduction
Motion stabilization devices are often adopted in vessels in order to reduce their motions in a seaway. The main oscillations of heave, pitch and roll are the principal reasons for limiting the operability of a vessel, and also for causing adverse influence on human comfort and habitability. Devices used for stabilization may be passive or active. Any successful device requires combined consideration of the hydrodynamic forces as well as control engineering. With the help of stabilizers, the amplitude, rate and acceleration of the motion as well as some dynamic effects i.e., deck wetness and slamming can be reduced considerably. There are three well known ways to reduce forced motions. They are damping stabilization, tuning stabilization and equilibrium stabilization. The present work is based on the principle of equilibrium stabilization with active stabilizer fins using virtual instrumentation based control. The term "virtual instrumentation" is used to represent a PC based control system which is used to acquire data from physical transducers and then manipulate them in specific ways using a very high level graphical environment. In the graphical environment, symbolic icons are used that operate in the same way as real instruments do. A non-traditional strategy is presented to provide motion control for ship roll motion using fins. The basic ship motion characteristics are obtained by means of a prediction program (SEDOS). Using the fin performance characteristics, the countering forces required and the consequent fin movement are achieved in a control loop.
One of the disadvantages of the traditional stabilizer system is the enormous hardware involved in the controllers and the instrumentation panels, which makes maintenance and troubleshooting difficult.
With the help of virtual instrumentation, the design of the stabilization controller with virtual panels can be performed with a great deal of flexibility and effectiveness. In this work, the control has been designed and implemented using virtual instrumentation in the LabVIEW environment.
Motivation
Fin stabilizers have been used for motion stabilization typically in passenger ships and warships. Conolly (1968) developed a linear theory to predict rolling motions under the action of active stabilizers. Lloyd (1974) made comparisons of Conolly's prediction with laboratory model measurements and quantified the interaction coupling effects between roll, sway and yaw motions. Gunsteren (1974) developed a method for the design of stabilizer including the dynamic effects of the fins and the ship. Tsuyoshi et al. (1994) investigated the influence of fin area and the control method on the reduction of roll with the fin stabilizer. Sgobbo and Parsons (1999) studied the effects of the rudder and fins on the rolling motion of the ship using three degree of freedom (3-DOF) model. They presented a set of equations which give the effect of fins and rudder on the damping matrix and the roll added mass moment of inertia matrix. Significant roll reduction can be achieved using the MIMO rudder/fin controller. Samoilescu and Radu (2002) presented the control engineering aspects of a fin system which takes into account roll velocity, roll acceleration, roll angle, natural list and ship speed in a feedback control system. Virtual instrument based control and measurements are being increasingly used as versatile, flexible technique [Rahman and Pichlik, 1999] in many control engineering applications. In the light of the above developments and based on the hydrodynamic coefficients of the ship and the fins, a control algorithm is developed. Based on the input from a roll angle sensor and knowledge of ship hydrodynamic coefficients as well as fin lift characteristics, programming has been undertaken for virtual instrumentation in the LabVIEW environment. Therefore in place of involved hardware instrumentation and circuits for achieving feedback control, a compact software based control is presented. The virtual instrumentation integrates the hydrodynamic characteristics of the ship with correct choice of fin angle in a feed back control loop.
Analytical Motion Prediction and Motion Control Equation
A motion analysis package namely SEDOS [Soeding, 1988] has been used for obtaining the ship hydrodynamic coefficients for motion prediction. The method is based on strip theory. The program performs calculation for the motion analysis of ship in regular waves and in natural, stationary seas. Most strip theory methods do this by solving the boundary value problems for the velocity potential functions for infinitely long, semi submerged hull forms. The effect of ship speed on hydrodynamic coefficients is taken into account by assuming that coupling between the steady contribution and the harmonically oscillating fluid disturbance can be neglected. Thus the three dimensional response and wave exciting forces for a ship with forward speed are obtained by lengthwise integration of the zero speed, two-dimensional sectional response and wave exciting forces. Though the program is originally developed for twin hulls to predict the motions in 6-DOF, with modifications made in the input files, the same program can be used for monohulls.
The strip theory is used to calculate ship motions. The method uses formulation of equations of motion limited to rigid-body subjected to harmonic exciting forces and moments due to free-surface waves with small wave slopes. The method is developed under the assumption of infinite water depth. The ship is assumed to maintain a constant mean forward speed and a straight mean course. The submerged portion of the hull is assumed to be slender enough for the rate of lengthwise variation of hydrodynamic pressures to be small. The method takes into account external forces and moments acting on the ship. These comprise effects of gravity, buoyancy, pressure due to water particle motions (Froude-Krylov forces), radiation of waves due to the ship's motions, scattering (i.e., diffraction) of incident waves and damping due to viscous lift. As part of the validation for response for a monohull, analysis and comparison have been carried out with published experimental values for a particular ship [Korkut et al., 2004] . The comparison is shown in Figure 2 .
3.1

Formulation of motion control equation using fins
The general roll motion equation in single degree of freedom (SDOF) can be written as In linear theory, the harmonic responses of the vessel η j (t) [Lewis, 1989] is directly proportional to the amplitude of exciting moment/force at the same frequency with some phase shift. Consequently the ship motions will have the form If we consider 3 degree of freedom (3DOF) model (sway, roll, yaw), the above equation can be written in matrix form as follows:
where j=2, 4, 6;
Equation (3) represents 3-DOF model for sway, roll, yaw in coupled condition (without fin). By incorporating the fin effect into the motion equation (3) [Sgobbo and Parsons, 1999] , the above equation gets modified as follows:
In which, m f , B f and E f are fin induced mass, damping and moment/force matrices respectively. It is given in matrix form as follows. 
Where S f = profile area of the pair of fin (m 2 ).
R vf = vertical component of lever arm. i.e. the vertical distance from the ship centre of gravity to the centre of pressure on the fin R f = lever arm, . i.e. the distance from the ship centre of gravity to the centre of pressure on the fin V = ship speed (m/s) ρ = water density (t/m 3 )
α t =Fin angle of attack θ = angle between hull vertical plane and fin l f = longitudinal distance between the roll centre and fin centre of pressure (see Figure 1) The complete sway, roll, yaw coupled equation with fin related terms can be thus obtained. In a simplified form, the sway, yaw terms may be neglected. The above scheme has been applied in the case of a yacht with a single hard chine hull form as shown in Fig.4 . Motion has been first predicted for beam sea regular waves without any fin control using the above equations as shown in Fig.5 . For an assumed fin location in the ship, the stabilized motion under optimum fin control has been analyzed and shown in Fig.6 .The main ship particulars are given in Table 1 . The particulars of the fin (NACA 0015) are given in Table 2 .
For the chosen fin, the lift characteristic is shown in Fig.3 . The fin lift coefficient is linear up to 16 0 . Using virtual instrumentation in the LabVIEW environment, simulation studies have been conducted to demonstrate the deployment of the control algorithm and system. 
Virtual Instrumentation Control Algorithm
The objective of the control system is to activate the fin in order to minimize the roll motion and bring it to the ideal zero value. In a practical sense, a significant roll reduction is quite feasible depending on the refinement and precision of the control logic. To this end, virtual instrumentation has been used in the present system. Virtual instrumentation refers to the use of general-purpose computers and workstations, in combination with data collection hardware devices (sensors), and virtual instrumentation software, to construct an integrated instrumentation system. In such a system the roll sensing device (clinometer), which incorporates the sensing element for detecting changes in the ship rolling motion, is intimately, coupled to the computer. The acquired data is processed in a specific way so that it will generate the control signal for fin activation. The essential components of the control system are as follows:
i) Clinometer ii) virtual instrumentation, which generates the control signal iii) servo amplifier iv) actuator v) mechanical linkage
The fin control system block diagram is shown in Fig.7 .The block diagram is divided into 5 modules namely, 1) Sensor, 2) Signal conditioner, 3) Control signal generator, 4) Comparator , 5) Actuator. ] and the polarity of the error signal determines which way the correction needs to be made. In the present work, the proportional control mode was adopted in view of its simplicity and reliability. The control strategy is a single input-single output type. It is seen that the roll motion of the vessel is now dependent on the input sea conditions as well as response of the vessel to fin action. The graphical environment (LabVIEW) includes all the tools needed for data acquisition, analysis, storage and presentation. Therefore, by "wiring" together objects that perform different functions, it is possible to create specific virtual instruments. The utilization of a software based data acquisition system has the advantage that all the engineering units can be converted on a software basis. The program with the functions in the virtual instrumentation are shown in submodules 3.1 to 3.7 in Figure 8a , 8b, 8c.
Virtual instrumentation control algorithm
Module 3.1 facilitates flexible choice of sampling rate and number of samples taken for analyzing average roll value and fundamental frequency in the sample. Signal plots may be obtained directly from this module.
Module 3.2 compares the roll angle with the desirable ideal value (zero degree roll).
Module 3.3 detects the fundamental frequency in the signal sample taken and therefore its fundamental time period.
Module 3.4 stores the ship hydrodynamic coefficients (virtual mass moment of inertia and the damping coefficient) and obtains appropriate frequency based coefficients from stored polynomial based data functions.
Module 3.5 performs roll signal differentiation to obtain velocity and acceleration terms to combine with the hydrodynamic coefficients and obtain the correct fin counter moments.
Module 3.6 produces the appropriate voltage for fin activation. It receives input from module 3.7, which contains fin geometry based data and therefore calculates the appropriate fin angle. The Fig.8a , 8b, 8c elucidate the full control algorithm and data flow in the feedback controlled system. Two control algorithms are considered for executing the control loop namely (i) fixed coefficients based control loop and (ii) frequency dependent coefficients based control loop
Control algorithm using fixed coefficients in the control loop
The virtual mass moment of inertia (A) and damping (B) values related to the ship motion are given in Table. 3. A ship in a seaway is subjected to excitation by waves, which may occur at, or outside the resonance region. At resonance frequency, the largest roll motions occur. However, regardless of whether the excitation is at resonance frequency or other frequencies, once the excitation source is removed, the ship would quickly settle to its natural roll frequency till the energy is dissipated. Therefore the choice of hydrodynamic coefficients associated with the resonance frequency roll may be quite effective in tackling the control of roll motion. The mechanism of the control loop is explained below.
Referred to Table 3 , for a sea-wave period T=17.9s which is outside the natural period of roll for the vessel considered, the corresponding sea frequency is 0.35rad/s.
The calculated values of virtual mass moment of inertia ( 0 . Use of fixed coefficients would result in an excess fin angle and therefore excessive roll correction by nearly a degree. This is corrected in the next loop after taking feed back deviation from the comparator. Therefore it is seen that using the fixed values of the coefficients at resonance frequency still results in a rapid correction of the roll angle. The time in the computation loop of the LabVIEW controller is of the order of 10 ms. The activation of the mechanical system relating to fin movement with the associated inertia of the gear and shafting is much larger. Once the first fin movement is executed, the error is recognized by the feed-back comparator, then sent back to the computational loop and the second corrective signal is given. The second movement is much smaller than the first, therefore the time delay would be much smaller. It is seen that the system quickly settles down to the execution of the correct fin angle.
Therefore by example, it has been shown that even outside the frequency of natural roll, the fin stabilization system works effectively in nullifying the roll. At resonance frequencies, the fin would work most effectively.
Control algorithm using frequency based coefficients
The algorithm uses an inbuilt function namely, the Harmonic Distortion Analyzer in LabVIEW, to obtain the dominant frequency in the measured response signal. From the time based roll angle data, the virtual instrumentation performs three functions namely, (i) the differentiation for roll velocity (ii) the second differentiation for roll acceleration and (iii) the frequency detection using the Harmonic Distortion Analyzer. A built-in function for single channel data is used for the above purpose. It typically functions from within a "for loop" or "while loop". After analysis, the fundamental frequency is obtained in the "detected fundamental frequency" terminal. The time period or frequency value is made use of in the polynomial equations formulated for representing the virtual mass moment of inertia and B, the damping moment. Values of A and B are now substituted in the roll equation, which in turn gives the ideal lift moment to be generated by the fins with their known characteristic fin angle and area of surface. Knowing the required fin moment, or the maximum possible fin moment within the limitation of stall angle, the best possible fin angle orientation is obtained.
This control algorithm is independent of the limitation of using only the fixed resonance values of A and B. The algorithm is a refinement of the traditional limited discrete coefficients used in the control algorithm with three zones of choice i.e., before resonance, at resonance or after resonance values. Based on this control logic, the stabilized roll motion has been obtained through the control loop for the simulated random wave. The results are shown in Figure 9a , 9b, 9c.
Though in principle, the resonance frequency based control algorithm works practically well with full control being established in the second feedback control loop, this frequency linked control algorithm works with more mathematically precise control logic. The modules for explanation purpose are divided as follows:
3.1-Data acquisition for roll angle 3.2-Roll angle conversion 3.3-Frequency detector 3.4-Estimation of hydrodynamic coefficients 3.5-Time derivative for roll velocity and roll acceleration, exciting moment calculation 3.6-Interpretation of fin angle in degree 3.7-Calculation of polarity and magnitude of control signal Note:-In module 3.7 (see Fig.8c ), the fin lift coefficient versus fin angle characteristic as shown in Fig.3 , has been input in the form of a best fit quadratic equation, the function representing fin angle for a required fin lift coefficient x. 
Unstabilized roll
Results and Conclusion
A non-traditional approach for ship roll motion stabilization based on assessment of the hydrodynamic coefficients of the vessel and including those of the fin has been designed and analyzed. The use of virtual instrumentation minimizes the use of enormous hardware involved in the controllers and instrumentation panels, which otherwise make maintenance and troubleshooting difficult. The use of two control algorithms is demonstrated viz., (i) based on fixed frequency hydrodynamic coefficients and (ii) frequency dependent hydrodynamic coefficients. Simulation studies show the effectiveness in both cases.
The studies for different speeds in irregular roll conditions demonstrate the effectiveness of the roll stabilization system.
In conclusion, the virtual instrumentation concept has been demonstrated to work effectively for the ship roll motion stabilization. It provides a feedback control system with adequate flexibility for changes and fine-tuning of the control logic. 
